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Abstract
Background and Objectives Lenvatinib is an oral, multi-
targeted tyrosine kinase inhibitor under clinical investigation in
solid tumours. This study evaluated the influence of P-glyco-
protein (P-gp) inhibition (single-dose rifampicin) and simulta-
neous cytochrome P450 3A4 (CYP3A4)/P-gp induction
(multiple-dose rifampicin) on lenvatinib pharmacokinetics.
Methods This Phase I, single-centre, single-dose (len-
vatinib mesylate 24 mg), open-label, sequential study
enrolled 15 healthy volunteers. Three regimens were
administered over three periods: Period (P) 1 (Days 1–8),
P2 (Days 15–22) and P3 (Days 29–50), with a 14-day (first
dose) and 28-day (second dose) washout period after len-
vatinib mesylate administration (Day 1, Day 15 and Day
43). In P2, a single oral dose of rifampicin (600 mg) was
coadministered with lenvatinib. In P3, rifampicin was
administered daily (600 mg) for 21 days (Days 29–49).
Serial blood samples were collected, and plasma concen-
trations of total (protein bound ? unbound) and free
(unbound) lenvatinib and total metabolites (M1, M2, M3
and M5) were measured by validated high-performance
liquid chromatography/tandem mass spectrometry.
Results Single-dose rifampicin (P-gp inhibition) increased
area under the plasma concentration–time curve from time
zero to infinity (AUC0–?) of free and total lenvatinib by 32
and 31 %, respectively. Multiple-dose rifampicin (simul-
taneous P-gp and CYP3A4 induction) decreased lenvatinib
AUC0–? (total: 18 %; free: 9 %). Treatment-emergent
adverse events were mild or moderate and occurred in 7
subjects (47 %).
Conclusion Lenvatinib exposure was increased by P-gp
inhibition; however, based on free concentrations, simul-
taneous P-gp and CYP3A4 induction results met the pre-
specified bioequivalence 90 % confidence interval.
Overall, the magnitude of these changes was relatively
small, and likely not clinically meaningful.
Impact and Key Points
Lenvatinib exposure was increased *30 % by
P-glycoprotein inhibition (single-dose rifampicin)
while area under the plasma concentration–time
curve (AUC) decreased 9–18 % and maximum
plasma concentration (Cmax) increased 0–9 % with
simultaneous cytochrome P450 3A4 (CYP3A4)/P-
glycoprotein induction (multiple-dose rifampicin).
The magnitude of the changes in lenvatinib exposure
was modest and therefore not likely to be clinically
meaningful.
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1 Introduction
Tyrosine-kinase–mediated signalling of vascular endothe-
lial growth factor receptor (VEGF), fibroblast growth fac-
tor (FGF) and platelet-derived growth factor (PDGF)
pathways is involved in the regulation of apoptosis, cell
proliferation, cellular metabolism and angiogenesis, and
has been implicated in tumorigenesis and progression of
multiple solid tumours [1]. Several tyrosine kinase inhibi-
tors (TKIs) of these pathways are currently available or
under investigation for the treatment of multiple malig-
nancies [1].
Lenvatinib mesylate (i.e. lenvatinib) is an orally active,
once-daily dosed TKI of VEGF receptors (R) 1–3, FGFR1,
PDGFR-a, ret proto-oncogene (RET) and v-kit Hardy-
Zuckerman 4 feline sarcoma viral oncogene homolog
(KIT) [2, 3] and is currently being clinically evaluated in
several solid tumour types. Phase I and II studies have
demonstrated antitumour activity and manageable toxicity
for lenvatinib mesylate as a single agent at a maximum
tolerated dose of 25 mg/day [4–6].
Lenvatinib pharmacokinetics have been assessed in
humans following both single- and multiple-dose oral
administration. Lenvatinib mesylate is rapidly absorbed
following a single dose, with the observed time the maxi-
mum concentration occurred (tmax) typically ranging
between 1 and 4 h [7]. For doses between 0.8 and 32 mg,
the apparent oral clearance of lenvatinib ranges from 4.2 to
7.1 L/h, while the apparent terminal volume of distribution
(uncorrected for bioavailability) ranges from 50.5 to 163 L.
The contribution of renal excretion to oral clearance, based
on mass balance, is minimal (*1–2 %). The terminal
exponential half-life (t1/2) is *28 h (Eisai data on file).
Upon single and multiple dosing, both area under the
plasma concentration vs time curve (AUC) and maximum
plasma concentration (Cmax) of total (protein boun-
d ? unbound) lenvatinib increased proportionally with
dose [4, 5]. For doses ranging from 12 to 32 mg once daily,
the mean accumulation index based on AUC ranged from
0.96 to 1.28 (Eisai data on file).
In vitro and in vivo studies have demonstrated that
lenvatinib is metabolized in both liver and kidney, and it is
primarily excreted directly in bile [8, 9]. In a radiolabelled
human mass balance study examining total lenvatinib
(parent ? metabolites), *64 % of the radioactivity was
recovered in the faeces and *25 % in urine, with only
2.5 % of the administered lenvatinib dose recovered intact
[8]. In human liver microsomes, the demethylated metab-
olite of lenvatinib (M2) was identified as the major
metabolite. Cytochrome P450 (CYP) 3A4 was the pre-
dominant ([80 %) CYP isoform involved in the CYP-
mediated metabolism of lenvatinib, and lenvatinib does not
appear to induce or inhibit CYPs (Eisai data on file). In
addition, lenvatinib is also a substrate for the multidrug
resistance 1 (MDR1) transport protein (P-glycoprotein [P-
gp]) and weakly inhibits MDR1 transport (Eisai data on
file). Lenvatinib plasma protein binding has previously
been assessed in vitro using human plasma and ultrafil-
tration, the results of which indicate that plasma protein
binding is high (range 97.9–98.6 %), is concentration
independent over the range of 0.3–30 lg/mL and is pri-
marily bound to albumin (Eisai data on file). Therefore,
both free (unbound) and total (protein bound ? unbound)
lenvatinib were analysed in this study.
Rifampicin, an antibiotic derivative of rifamycin B, is a
strong inducer of P-gp and CYP3A4 upon multiple dosing,
but inhibits gut P-gp–mediated transport when only a sin-
gle dose is administered [10]. At therapeutic doses, rif-
ampicin significantly alters plasma concentrations of
CYP3A4 substrates [11–13]. Hence, rifampicin is routinely
used to evaluate the potential for drug interactions
involving CYP3A4 induction and P-gp induction/inhibition
mechanisms with pharmaceutical products including TKIs
[14–18].
Since lenvatinib appears to metabolize [25 % via
CYP3A4 based on an in vitro metabolic study and also
appears to be a P-gp substrate, this study evaluated the
influence of P-gp inhibition (single-dose rifampicin) and
simultaneous CYP3A4/P-gp induction (multiple-dose
rifampicin) on lenvatinib pharmacokinetics, which is con-
sistent with the Food and Drug Administration Division of
Drug Information guidance [15].
2 Methods
2.1 Study Design
This was a single-centre, single-dose, open-label, sequen-
tial, 3-period study. The study was conducted in accor-
dance with the International Conference on Harmonisation
guidelines and in compliance with local and national reg-
ulations. The protocol and the informed consent document
received approval from an independent institutional review
board (Independent Investigational Review Board, Planta-
tion, FL, USA) before any subjects were enrolled. All
subjects provided written informed consent.
2.2 Subjects
Healthy, nonsmoking male or female (not pregnant or
lactating) adults 18–55 years of age with a body mass
index C18 to 30 kg/m2 were enrolled. Subjects with clin-
ically significant systemic diseases or abnormalities, or a
known history of any gastrointestinal surgery that could
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impact the pharmacokinetics of lenvatinib, were excluded.
Additional exclusion criteria included clinically significant
illness within 8 weeks of lenvatinib mesylate administra-
tion or infection within 4 weeks, clinically significant
electrocardiogram (ECG) abnormality, QTc interval
[450 ms, history of drug or food allergies or current
seasonal allergy, use of over-the-counter medications
within 2 weeks, history of drug or alcohol misuse, positive
test for hepatitis A, B, or C, or human immunodeficiency
virus, recent weight change [10 % or participation in
vigorous exercise, or haemoglobin\12.0 g/dL. Individuals
who had taken prescription drugs including CYP3A4
inhibitors/inducers within 4 weeks of study drug adminis-
tration were excluded from participating. Subjects who had
taken dietary supplements, herbal preparations or other
foods or beverages that may affect various drug metabo-
lizing enzymes and transporters (e.g. alcohol, grapefruit,
vegetables from the mustard green family and charbroiled
meats) within 2 weeks prior to dosing, or caffeine-con-
taining products within 72 h before dosing, were excluded
from the study. In addition, since rifampicin is known to
cause failure of hormonal contraceptives (e.g. oral contra-
ceptive, contraceptive implant, hormone-releasing intra-
uterine device) [19], women of childbearing potential and
men who were partners of women of childbearing potential
agreed to use other contraceptive methods during the study
period and for C30 days after the last dose of study drug.
2.3 Treatments
Subjects were administered three regimens over three
periods: Period 1 (Days 1–8), Period 2 (Days 15–22) and
Period 3 (Days 29–50) with a 14-day washout after the first
study drug dose and a 28-day washout after the second
study drug dose. Subjects received a single oral dose of
lenvatinib mesylate (Eisai, Inc., Woodcliff Lake, NJ, USA)
24 mg (19 4-mg and 29 10-mg capsules; dose sizes are
for the anhydrous free base) on Day 1 (Period 1), Day 15
(Period 2) and Day 43 (Period 3). In Period 2 on Day 15,
subjects received a single oral dose of rifampicin (Epic
Pharma, LLC, Laurelton, NY, USA) 600 mg (29 300-mg
capsules) coadministered with lenvatinib mesylate. In
Period 3, subjects received rifampicin 600 mg orally daily
for 21 days (Days 29–49) with lenvatinib mesylate and
rifampicin coadministered on Day 43. Day 50 was an off-
treatment visit.
Lenvatinib mesylate was administered after a 10-h fast;
subjects were not allowed to eat for 4 h following lenvat-
inib mesylate dosing and were required to maintain an
upright position. Both lenvatinib mesylate and rifampicin
were administered with 8 ounces (240 mL) of water. On
other days, rifampicin was administered 1 h prior to
breakfast. Subjects were not to engage in heavy exercise
(e.g. marathon running, weight lifting) from at least
2 weeks prior to dosing until the end of the study.
2.4 Blood Sampling
Serial blood samples in heparinized tubes for lenvatinib
and metabolite analysis were collected predose and at 0.5,
1, 2, 3, 4, 8, 12, 16 and 24 h after dosing, and then every
24-h until 168 h postdose following lenvatinib doses on
Days 1, 15 and 43.
2.5 Bioanalytical Methods
Plasma concentrations of total (unbound ? protein bound)
and free (unbound) lenvatinib and total metabolites (M1,
M2, M3 and M5) were measured by validated high-
performance liquid chromatography/tandem mass spec-
trometry methods [20]. Linear ranges of the assays were as
follows: (1) free unbound lenvatinib, 5–2,000 pg/mL; (2)
total (bound ? unbound) lenvatinib, 0.25–250 ng/mL; (3)
metabolites, 0.25–50 ng/mL. Interday precision (percent
coefficient of variation [CV]) ranged from 4.50 to 7.20 and
interday accuracy (% bias) ranged from -9.40 to 6.00 for
total lenvatinib. For free lenvatinib, interday precision
(% CV) ranged from 2.90 to 6.30 and interday accuracy
(% bias) ranged from -1.70 to 1.70. Across all metabo-
lites, interday accuracy ranged from -5.10 to 12.4 and
interday precision ranged from 2.90 to 8.70. Interference
checks for rifampicin were tested with no impact on the
quantitation of lenvatinib and its metabolites.
2.6 Pharmacokinetic Methods
Pharmacokinetic parameters were calculated using a non-
compartmental pharmacokinetic analysis with WinNonlin
version 6.2 (Pharsight Corporation, Mountain View, CA,
USA) and Microsoft Excel version 2010 [21, 22]. The
terminal exponential rate constant (kz) was determined
using linear least squares regression of the terminal phase
of the log concentration–time profile. The t1/2 was obtained
as 0.693/kz. The AUClast was determined up to the last
observed quantifiable concentration, using the linear-up
and log-down trapezoidal rule. The AUC from time zero to
infinity (AUC0–?) was the sum of AUClast and the
extrapolated AUC (AUCext), which was obtained based on
the last observed quantifiable plasma concentration and the
terminal exponential rate constant. Cmax and tmax were
determined from visual inspection of concentration–time
data. Lag time was determined as the time prior to the first
quantifiable concentration. Apparent oral clearance (CL/F)
and apparent terminal volume of distribution (Vz/F) were
determined using standard equations. For parameter cal-
culations, measurements that were below the lower limit of
Lenvatinib Pharmacokinetics and Rifampicin 653
quantitation (LLOQ) before the occurrence of a measurable
concentration were treated as zero; values below the LLOQ
at the end of the curve were considered missing.
2.7 Safety Assessments
Adverse events (AEs) were monitored on a daily basis and
graded by the investigator on a three-point scale (mild,
moderate, severe) in terms of severity and causality to the
study drug. Vital signs (blood pressure, heart rate, body
temperature, respiratory rate) were recorded prior to
pharmacokinetic blood sample collection. Additional
safety assessments, including clinical laboratory testing,
12-lead ECGs and physical examinations, were made
during baseline periods, before each dose and prior to
discharge.
2.8 Statistics
Statistical programming and analyses were performed
using SAS software, version 9.2 (SAS Institute Inc.,
Cary, NC, USA). Assuming an intrasubject standard
deviation of log-transformed Cmax of lenvatinib of 0.44
and using a 2-sided test with an alpha of 0.05, a sample
size of 11 completing subjects would provide 91 %
power to detect a twofold change in Cmax. Based on
clinical experience, 15 subjects were enrolled with the
intent to complete 11 subjects. A linear mixed-effects
model with log-transformed pharmacokinetic parameters
as response was used to estimate the ratios of geometric
means and associated two-sided 90 % confidence inter-
vals (CIs) for AUC and Cmax [23]. Separate models were
constructed individually for the two comparisons: coad-
ministration of lenvatinib mesylate with either single- or
multiple-dose rifampicin (Period 2 and Period 3,
respectively) versus lenvatinib mesylate alone (Period 1),
and the ratios of geometric means and associated two-
sided 90 % CIs were estimated for Cmax, AUClast and
AUC0–? in each comparison for both free and total
lenvatinib. If the 90 % CIs fell within the range of
80–125 %, then the test was considered to be bioequiv-
alent to the reference and an absence of drug interaction
could be concluded. Other pharmacokinetic parameters
and plasma lenvatinib concentrations by time point were
summarized using descriptive statistics.
Safety parameters were evaluated descriptively for all
subjects who received study drug and had at least one
safety assessment postdose. AEs were classified into stan-
dardized terminology using the Medical Dictionary for
Regulatory Activities (version 9 or higher). Other param-
eters, including baseline subject characteristics, were also
evaluated descriptively.
3 Results
3.1 Disposition and Demographics
Fifteen subjects were enrolled and all completed Periods 1
and 2. One subject discontinued during Period 3 due to
AEs. The majority of enrolled subjects were male (73 %)
and white (67 %) with a median age of 31.0 years (range
20–49 years) (Table 1).
3.2 Pharmacokinetics
For each of the three study periods, lenvatinib was rapidly
absorbed and Cmax was achieved at a median tmax of
2–2.5 h (Table 2). Both total (protein bound ? unbound)
and free lenvatinib plasma concentration–time profiles
appeared biphasic across the three treatments following
achievement of the peak concentration (total lenvatinib
Cmax: lenvatinib alone, 274 ng/mL (CV: 36.2 %); with
single-dose rifampicin, 365 ng/mL (CV: 35.2 %); with
multiple-dose rifampicin, 275 ng/mL (CV: 28.6 %) and
free lenvatinib Cmax: lenvatinib alone, 5.69 ng/mL (CV:
28.1 %); with single-dose rifampicin, 7.40 ng/mL (CV:
25.8 %); with multiple-dose rifampicin, 6.25 ng/mL (CV:
20.8 %); Fig. 1). The percentages of AUC0–? extrapolated
for free and total lenvatinib were generally \2 %.
3.3 Lenvatinib with Single-Dose Rifampicin
Exposure to free lenvatinib was 32 % higher and total
lenvatinib concentration was 31 % greater, based on
AUC0–?, when lenvatinib mesylate was coadministered
with a single dose of rifampicin compared with only len-
vatinib mesylate. Cmax estimates of both free and total
lenvatinib were approximately 30 and 33 % greater,
Table 1 Subject demographics and baseline characteristics (N = 15)
Characteristic Value
Age, years
Mean (SD) 34.3 (10.10)






Black/African American 3 (20.0)
Other 2 (13.3)
BMI, kg/m2, median (range) 24.24 (19.1–29.0)
BMI body mass index, SD standard deviation
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respectively, when lenvatinib mesylate was coadministered
with a single dose of rifampicin. The 90 % CIs of the
geometric least squares means ratios for Cmax and AUC0–?
were above the upper CI boundary of the prespecified
bioequivalence interval of 80–125 % for both total and free
lenvatinib following a single rifampicin dose (Table 2;
Fig. 2). There were decreases in both Vz/F (free: 32 %;
total: 25 %) and CL/F (free: 24 %; total: 23 %) for len-
vatinib mesylate with single-dose rifampicin compared
with lenvatinib mesylate without rifampicin (Table 2). The
t1/2 of free lenvatinib decreased by 2 h (to *16 h), while
that of total lenvatinib decreased by 0.5 h (to 21.5 h) with
single-dose rifampicin.
3.4 Lenvatinib with Multiple-Dose Rifampicin
Exposure to free lenvatinib was *9 % lower and total
lenvatinib concentration was *18 % lower, based on
AUC0–? following multiple doses of rifampicin compared
with lenvatinib mesylate alone. Cmax estimates of free
lenvatinib were 8.7 % higher after multiple doses of rif-
ampicin, whereas total lenvatinib Cmax remained unchan-
ged. The lower bound for the 90 % CIs for AUC0–? for
total lenvatinib was 73.3 %, below the lower CI boundary
of bioequivalence. However, the 90 % CI for total Cmax
was within this interval. The 90 % CIs of the geometric
least squares means ratios for Cmax and AUC0–? for free
Table 2 Pharmacokinetic parameters of lenvatinib mesylate 24 mg administered alone or in combination with single-dose rifampicin (600 mg)
or following multiple doses (600 mg/day) of rifampicin
Parameter Lenvatinib mesylate alone
[A] n = 15
Lenvatinib mesylate ? single-dose
rifampicin [B] n = 15
Lenvatinib mesylate ? multiple-dose
rifampicin [C] n = 14
Free lenvatinib
Cmax (ng/mL) 5.69 (28.1) 7.40 (25.8) 6.25 (20.8)
GLSMR (90 % CI) – B/A: 1.299 (1.134–1.488) C/A: 1.087 (0.973–1.214)
AUClast (ngh/mL) 58.8 (33.7) 77.7 (23.3) 55.0 (30.8)
GLSMR (90 % CI) – B/A: 1.322 (1.160–1.507) C/A: 0.908 (0.832–0.992)
AUC0–? (ngh/mL) 59.4 (33.3) 78.2 (23.1) 55.5 (30.5)
GLSMR (90 % CI) – B/A: 1.318 (1.158–1.500) C/A: 0.907 (0.832–0.988)
AUC0–24 (ngh/mL) 49.9 (32.5) 66.6 (21.7) 48.8 (27.4)
tmax (h)
a 2.05 (2.00–4.00) 2.02 (1.00–8.00) 2.54 (1.00–8.00)
tlag (h)
a 0.00 (0.00–0.50) 0.00 (0.00–0.53) 0.00 (0.00–0.50)
t1/2 (h) 18.1 (43.4) 16.2 (30.6) 14.3 (23.4)
CL/F (L/h) 404 (33.4) 307 (23.1) 433 (30.5)
Vz/F (L) 10,600 (44.4) 7,180 (37.6) 8,950 (36.9)
Total lenvatinib
Cmax (ng/mL) 274 (36.2) 365 (35.2) 275 (28.6)
GLSMR (90 % CI) – B/A: 1.334 (1.126–1.581) C/A: 1.004 (0.831–1.212)
AUClast (ngh/mL) 2,350 (24.4) 3,080 (22.8) 1,940 (27.1)
GLSMR (90 % CI) – B/A: 1.308 (1.229–1.392) C/A: 0.818 (0.733–0.914)
AUC0–? (ngh/mL) 2,370 (24.2) 3,090 (22.7) 1,950 (27.1)
GLSMR (90 % CI) – B/A: 1.306 (1.227–1.390) C/A: 0.818 (0.733–0.913)
AUC0–24 (ngh/mL) 2,000 (25.2) 2,690 (22.9) 1,760 (27.5)
tmax (h)
a 2.03 (2.00–4.00) 2.00 (1.00–3.00) 2.54 (1.00–4.00)
tlag (h)
a 0.00 (0.00–0.50) 0.00 (0.00–0.50) 0.00 (0.00–0.50)
t1/2 (h) 22.0 (34.1) 21.5 (39.1) 18.2 (42.0)
CL/F (L/h) 10.1 (24.3) 7.77 (22.8) 12.3 (27.1)
Vz/F (L) 322 (39.1) 240 (42.7) 324 (42.1)
Values are geometric mean (%CV) unless otherwise noted
AUC0–24 area under the plasma concentration–time curve from time zero to 24 h, AUC0–? AUC from time zero to infinity, AUClast AUC from
time zero to the last measurable concentration, CI confidence interval, CL/F oral clearance of the drug, Cmax maximum observed plasma
concentration, GLSMR geometric least squares means ratio, t1/2 terminal exponential half-life, tlag lag time: time delay between drug admin-
istration and onset of drug absorption, tmax time to reach maximum concentration after drug administration, Vz/F terminal volume of distribution,
%CV percent coefficient of variation of geometric mean
a Median (range)
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lenvatinib in the rifampicin multidose group were within
the prespecified bioequivalence interval.
Vz/F for free lenvatinib decreased approximately 16 %
following multidose treatment, whereas CL/F increased
10 %. Total lenvatinib Vz/F remained effectively unchan-
ged following multiple doses of rifampicin with a 22 %
increase in CL/F. The mean t1/2 of both free and total
lenvatinib both decreased *4 h (free: *14 h; total:
*18 h) after multiple doses of rifampicin.
Fig. 1 Mean plasma concentration (?standard deviation) of a free
(unbound) lenvatinib and b total (protein-bound ? unbound) lenvat-
inib vs time following oral administration of lenvatinib mesylate
(24 mg) alone, lenvatinib mesylate (24 mg) with a single dose of
rifampicin (600 mg) or lenvatinib mesylate (24 mg) plus multiple
doses of rifampicin (600 mg/day)
Fig. 2 Box plots of free (unbound) and total (protein-bound ?
unbound) lenvatinib AUC0–? and Cmax under conditions of lenvatinib
mesylate (24 mg) administered alone or in combination with either a
single dose (600 mg) or multiple doses of rifampicin (600 mg/day).
Free lenvatinib: a AUC0–? and b Cmax; total lenvatinib: c AUC0–?
and d Cmax. Treatment median is represented by the horizontal line in
the box, the upper and lower shaded areas represent 25th and 75th
percentiles, and the vertical lines extend to the treatment minimum
and maximum values, excluding outliers. Plotted points (asterisks)
beyond the whiskers are outliers, defined as values outside of 1.59 the
interquartile range. AUC0–? area under the plasma concentration–
time curve from time zero to infinity, Cmax maximum observed
plasma concentration
c
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3.5 Lenvatinib Metabolites
Plasma concentrations of lenvatinib metabolites were fre-
quently below the lower limit of detection, although there
was a trend of increasing levels of metabolites following
administration of rifampicin (Table 3). For M1 and M3,
levels were undetectable following lenvatinib mesylate
administration but were occasionally measurable with rif-
ampicin coadministration. Exposures (geometric mean Cmax
and AUClast) to M2 increased following both a single dose
(4.30–6.59 times) and multiple doses (2.92–3.11 times) of
rifampicin. Similarly, M5 exposure following either a single
dose or multiple doses of rifampicin was 1.15–2.62 times
greater than after lenvatinib mesylate alone. However, total
lenvatinib exposure was 89–710 times greater than exposure
of the M2 metabolite and 770–39,487 times greater than
exposure of the other three metabolites.
3.6 Safety
Seven of the 15 subjects (47 %) reported treatment-emer-
gent AEs (TEAEs). Headache (n = 3, 20 %), nausea
(n = 3, 20 %) and diarrhoea (n = 2, 13 %) were the most
frequently occurring TEAEs. No serious or significant
TEAEs were reported and all TEAEs were either mild or
moderate in severity. One subject experienced mild TEAEs
(skin rash and oedema) during the rifampicin-only stage of
treatment Period 3 (prior to lenvatinib mesylate dosing)
leading to withdrawal from the study. Five (33 %) subjects
reported treatment-related TEAEs.
Table 3 Pharmacokinetic parameters for total metabolites of lenvatinib
Metabolite Parameter Lenvatinib mesylate 24 mg
alone n = 15
Lenvatinib mesylate 24 mg ?
single-dose rifampicin n = 15
Lenvatinib mesylate 24 mg ?
multiple-dose rifampicin n = 14
M1 Cmax (ng/mL) ND 0.304 (6.28)
a 0.330 (27.9)b
AUC0–? (ngh/mL) ND NR NR
AUClast (ngh/mL) ND 0.078 (3.46)a 0.441 (109)b
tmax (h)
c ND 1.01 (1.00–1.02)a 2.05 (1.00–3.00)b
tlag (h)
c ND 0.50 (0.50–0.50)a 1.00 (0.50–1.00)b
M2 Cmax (ng/mL) 0.951 (71.5) 4.09 (49.8) 2.78 (50.8)
AUC0–? (ngh/mL) 9.13 (66.3)d 24.1 (33.8) 13.4 (34.4)e
AUClast (ngh/mL) 3.31 (132) 21.8 (36.0) 10.3 (55.3)
tmax (h)
c 2.00 (1.00–3.00) 2.00 (1.00–3.02) 2.00 (1.00–4.00)
tlag (h)
c 0.50 (0.00–1.00) 0.50 (0.00–1.00) 0.50 (0.00–1.00)
M3 Cmax (ng/mL) ND 0.278 (15.1)
a 0.289 (9.19)f
AUC0–? (ngh/mL) ND NR NR
AUClast (ngh/mL) ND 0.246 (102)a 0.343 (107)f
tmax (h)
c ND 3.54 (3.08–4.00)a 2.07 (2.00–4.00)f
tlag (h)
c ND 2.01 (2.00–2.02)a 1.00 (1.00–3.00)f
M5 Cmax (ng/mL) 0.310 (25.8)
d 0.375 (38.3)g 0.357 (32.4)b
AUC0–? (ngh/mL) NR NR NR
AUClast (ngh/mL) 0.213 (136)d 0.557 (117)g 0.412 (148)b
tmax (h)
c 2.52 (1.00–4.00)d 3.00 (1.00–4.00)g 2.00 (1.00–4.00)b
tlag (h)
c 1.01 (0.50–3.00)d 1.00 (0.50–3.00)g 1.00 (0.50–3.00)b
Values are geometric mean (%CV) unless otherwise noted
AUClast area under the plasma concentration–time profile from time zero to the last measurable concentration, AUC0–? AUC from time zero to
infinity, Cmax maximum observed plasma concentration, ND not determined due to insufficient data, NR not reported, tlag lag time: time delay
between drug administration and onset of drug absorption, tmax time to reach maximum concentration after drug administration, %CV percent
coefficient of variation of geometric mean
a n = 2
b n = 7
c Median (range)
d n = 6
e n = 10
f n = 3
g n = 9
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Overall, no treatment-related trends were observed in
any safety parameters. Mean vital sign measurements after
dosing were similar to those at baseline, and all ECG
results were either normal or considered not clinically
significant. Mean haematology and clinical chemistry val-
ues were within reference ranges, and mean values before
each dose of study drug were similar to those at the end of
the study. The analyses from normal at baseline to abnor-
mal at study termination revealed no shifts of clinical
concern for haematology, clinical chemistry or urinalysis
parameters. No abnormal clinical laboratory results were
reported as TEAEs.
4 Discussion
This single-centre, open-label study conducted in healthy
volunteers evaluated the effects of P-gp inhibition (single-
dose rifampicin) and simultaneous CYP3A4 and P-gp
induction (multiple-dose rifampicin) on the pharmacoki-
netic profile of lenvatinib. The pharmacokinetic profile of
single-dose lenvatinib mesylate was generally consistent
with previous evaluations of total (protein bound ? un-
bound) lenvatinib pharmacokinetic profile (10-mg single
dose) in healthy volunteers, which demonstrated that the
median tmax was 2 h (range 2–4 h), mean t1/2 was 27.6 h
(CV: 27.3 %), mean Cmax was 139.4 ng/mL (CV: 26 %),
and AUC0–? was 1,378 ngh/mL (CV:22 %) [24]. With
coadministration of a single dose of rifampicin with len-
vatinib mesylate, an increase in lenvatinib AUC0–? (free:
?32 %; total: ?31 %) and Cmax (free: ?30 %; total:
?33 %) was observed, with corresponding decreases in
apparent volume of distribution (free: -32 %; total: -
25 %) and CL/F (free: -24 %; total: -23 %).
These data suggest that increased lenvatinib exposure
may result from presystemic inhibition of P-gp, since only
a minimal change in t1/2 was observed. In contrast, when
P-gp and CYP3A4 were induced, the CIs for the geometric
least square means of the AUC0–? and Cmax for free len-
vatinib were all within the prespecified boundaries for
bioequivalence. The lower bound for the 90 % CI for total
lenvatinib AUC0–? was marginally below the prespecified
lower bound of equivalence (80 %) at 73.3 %. Systemic
exposure to free and total lenvatinib decreased by
approximately 9 and 18 %, respectively, while Cmax
increased by 8 % (free lenvatinib) or was unchanged (total
lenvatinib). The \10 % reduction in AUC for lenvatinib
when coadministered with multiple doses of rifampicin
appears to be related to an increase in systemic metabolic
clearance resulting from CYP3A4 induction, since there
was also a decrease in t1/2.
Rifampicin decreases exposure to other TKIs more
profoundly. AUC decreases of 68–74 % were reported
from a multiple-dosing study of rifampicin with imatinib
[17], while decreases of 80, 40 and 83 % were reported,
respectively, in multiple-dose rifampicin studies of niloti-
nib [16], vandetanib [25] and gefitinib [18]. Furthermore,
while Cmax for lenvatinib was essentially unchanged with
multiple doses of rifampicin, Cmax for other TKIs
decreased 54–65 % following administration of imatinib,
nilotinib and gefitinib in the presence of rifampicin [16–
18].
Levels of lenvatinib metabolites increased slightly fol-
lowing administration of rifampicin; however, this is
unlikely to alter the pharmacological effect of lenvatinib
for two reasons. First, lenvatinib is at least 20-fold more
active than its metabolites. Lenvatinib has an half maximal
inhibitory concentration (IC50) value of 3.4 nmol/L (95 %
CI 1.4–8.4 nmol/L) against VEGF-driven proliferation of
human umbilical vein endothelial cells compared with IC50
values of 57 nmol/L for M1, 250 nmol/L for M2 and
230 nmol/L for M3 (Eisai data on file). In addition, as
shown in this study, exposure to lenvatinib is markedly
greater than exposure to the metabolites. As such, the net
effect of changes in lenvatinib metabolites should have no
effect on VEGF-mediated effects.
Safety data from this study indicate that single-dose
lenvatinib mesylate (24 mg) had an acceptable safety
profile when administered to healthy subjects alone or in
combination with single- and multiple-dose rifampicin.
There were no clinically significant safety or laboratory
changes associated with any of the dosing combinations.
Mild or moderate headache and gastrointestinal toxicities
were the most common TEAEs.
In conclusion, the results of this study showed that
exposure to free lenvatinib in healthy volunteers met the
prespecified CIs for bioequivalence when lenvatinib
mesylate was given with multiple daily doses of rif-
ampicin. Therefore, no clinically important alterations in
lenvatinib exposure are expected following coadminis-
tration of lenvatinib mesylate with potent CYP3A4 and
P-gp inducers. Although in vitro studies assessing the
role of oxidative metabolism found that CYP3A4 was
the major CYP involved in lenvatinib metabolism, this
in vivo study demonstrated minimal changes in lenvat-
inib exposure with rifampicin, suggesting that CYP3A4
(and other CYP450)-mediated metabolism appears to
be minimally involved in lenvatinib metabolism/total
clearance, consistent with results observed in another
clinical study with CYP3A4 inhibition using ketocona-
zole [26].
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